Spinal cord injury studies use the presence of serotonin (5-HT)-immunoreactive axons caudal to the injury site as evidence of axonal regeneration. As olfactory ensheathing glia (OEG) transplantation improves hindlimb locomotion in adult rats with complete spinal cord transection, we hypothesized that more 5-HT-positive axons would be found in the caudal stump of OEG-than media-injected rats. Previously we found 5-HT-immunolabeled axons that spanned the transection site only in OEG-injected rats but detected labeled axons just caudal to the lesion in both media-and OEG-injected rats. Now we report that many 5-HT-labeled axons are present throughout the caudal stump of both media-and OEG-injected rats. ., 2000) . Furthermore, the administration of quipazine, a serotonergic receptor agonist, facilitates the activation of the locomotor networks in spinal mice and results in both short-and long-term improvement of hindlimb stepping on a treadmill (Fong et al., 2005) .
5-HT-labeled fibers in the caudal

MATERIAL AND METHODS
Animal studies
All procedures followed the National Institutes of Health (NIH) guidelines and were approved by the Chancellor's Animal Research Committee at UCLA. The methods used in the present study were recently reported (Kubasak et al., 2008) . Briefly, OEG derived from olfactory bulbs of 8 -10-week-old Wistar Hannover rats (Harlan Laboratories, Indianapolis, IN) were immunopurified from the primary culture on day 7-8 using the p75 nerve growth factor receptor antibody (NGFR, 1:5; Chandler et al., 1984) and harvested after 17-19 days in vitro. Female Wistar Hannover rats, 10 -12 weeks old, were anesthetized deeply with 2% isoflurane and received a complete spinal cord transection at ϷT9. Media with or without 400,000 OEG were injected Ϸ1 mm from the transection site into both the rostral and caudal spinal cord stumps with sterile glass needles. During the 7 months after the transection 50% of the rats in both the media-and OEG-injected groups underwent long-term treadmill hindlimb step training. In the current study we analyzed the spinal cord segments below the transection block (lower thoracic to sacral levels) in the cohort of 12 rats analyzed in detail by Kubasak et al. (2008) . Three rats in each of the four experimental groups (media-untrained, media-trained, OEG-untrained, and OEG-trained) represented a range of stepping abilities at 8 months post transection (see table 1 
Tissue preparation
Rats were anesthetized deeply with ketamine (0.9 L/g) and Anased (0.5 L/g), perfused with 4% paraformaldehyde, and then postfixed overnight. After a buffer wash the spinal cords were dissected, cryoprotected, frozen on dry ice, and then stored at ؊80°C. We sectioned the spinal cords in the sagittal plane at 25 m and mounted the sections on a series of 16 slides, so that each slide contained every 16th section. Every other slide was double-labeled for 5-HT and choline acetyltransferase (ChAT). 
Antibody characterization
Immunohistochemical procedures
We performed double-labeling experiments to identify the interactions between 5-HT-labeled axons and cholinergic neurons. The 5-HT protocol reported in Kubasak et al. (2008) was followed, except that we added 0.3% Triton to 0.1M Tris buffered saline (TBS) containing 1.4% NaCl and 0.1% BSA throughout the procedure. Sections were rinsed in 0.1M acetate buffer, developed with 0.06% 3,3-diaminobenzidine (DAB) intensified with nickel glucose oxidase, producing a black product. To identify the cholinergic neurons we used a TBS rinse followed by serum and avidin-biotin blocking steps before incubating with an anti-ChAT antibody overnight at room temperature. Sections were incubated with Vector standard or rabbit antigoat IgG (1:200, Vectastain Elite standard or Goat IgG kit, Vector Laboratories, Burlingame, CA) and ABC (1:100) for 1 hour each for signal amplification. We then used 0.02M imidazole-DAB to identify distinct amber brown cholinergic somata and to differentiate them from the black serotonin-positive axons. All data were recorded with a Zeiss AxioCam digital camera and Openlab 5.1 software. Openlab files were imported to Adobe Photoshop 7.0 (San Jose, CA) to assemble figures and minor modifications in color balance, brightness, and contrast were made if necessary.
Quantification
In our previous study (Kubasak et 
Statistical analyses
We used the bootstrapping method (Efron and Tibshirani 1991) to determine the mean differences for all statistical analyses. This resampling method uses the computational simulation of the null hypothesis with minimal assumptions about the data distribution, sample size, or means, and therefore is suitable for small samples. Customized scripts were written using the Resampling stats in MatLab software package (Resampling Stats, Arlington, VA; MatLab 7.0, MathWorks, Natick, MA). Statistical significance was set at P < 0.05.
RESULTS
Serotonergic axons are present throughout the caudal stump after a complete spinal cord transection in adult rats
The descending raphespinal tract originates mainly from the raphe pallidus (B1), obscurus (B2), and magnus (B3) and in the intact spinal cord gives rise to an extensive network of 5-HTpositive axons concentrated in laminae VII, VIII, and X ( 
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The Journal of Comparative Neurology 667 5-HT AXONS APPOSE CHOLINERGIC NEURONS the caudal stump of media-and OEG-injected rats, we searched for and found a limited number of serotonergic interneurons (Fig. 2a-d) . These 5-HT-positive cell bodies are round or oval in shape, 10 -25 m in diameter, and have bipolar or multipolar dendritic processes, as reported previously (Newton et al., 1986; Newton and Hamill, 1988 ). We found a high density of 5-HT-positive axonal processes in the area surrounding the serotonergic cell bodies, consistent with an interpretation that these processes originate from interneurons. We processed 50% of the entire caudal spinal stump (every other 25 m sagittal section) for 5-HT immunoreactivity and detected 0 -3 serotonergic somata per rat within lamina X. These interneurons were immediately dorsal or dorsolateral to the central canal, and primarily within the lower thoracic and (Fig. 2e) . Combined, these observations indicate that the expression of 5-HT interneurons persists in adult rats with or without supraspinal serotonergic innervation.
5-HT axons appose motor-associated cholinergic neurons in the caudal stump of adult spinal rats
In intact rats, 5-HT-positive axons often are associated with populations of motor-associated cholinergic spinal cord neurons, i.e., central canal cluster cells, SMNs, and partition cells. Since both media-and OEG-injected rats also have 5-HTpositive axons that reside near these three populations of cholinergic neurons, we asked if these appositions were more common in OEG-than in media-injected rats. Serotonergic fibers are highly concentrated in the dorsal half of lamina X and are located near ChAT-positive cholinergic somata (Fig.  3a-c) 
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The Journal of Comparative Neurology 669 5-HT AXONS APPOSE CHOLINERGIC NEURONS analyzed or when results from the three levels analyzed are combined (thoracic: P ‫؍‬ 0.18, lumbar: P ‫؍‬ 0.28, sacral: P ‫؍‬ 0.49, combined: P ‫؍‬ 0.42). Because we observed a training effect in OEG-transplanted rats (Kubasak et al., 2008) , we then asked if there were any differences between the OEG-injected trained and untrained groups. There were no significant differences at any of the spinal cord levels examined, or when we combined data from all caudal levels (thoracic: P ‫؍‬ 0.31, lumbar: P ‫؍‬ 0.21, sacral: P ‫؍‬ 0.41, combined: P ‫؍‬ 0.49).
In intact spinal cord 5-HT-positive axons directly appose SMNs (Fig. 4a) . Compared to the central cholinergic neurons, fewer 5-HT-positive axons are found coursing near SMNs in adult spinal rats (mean of 1.2 appositions/mm 3 ; Fig. 4b,c) . More SMNs received 5-HT appositions in OEG-than mediainjected rats at the lower thoracic segment, but not at the other segmental levels analyzed (Fig. 4g , thoracic: P ‫؍‬ 0.018, lumbar: P ‫؍‬ 0.21, sacral: P ‫؍‬ 0.21). When the total number of 5-HT appositions near SMNs is combined for all three segments, however, significantly more appositions are detected in OEG-than media-injected rats ( (Fig. 4e,f) and in a similar distribution to those detected in the intact spinal cord (Fig. 4d) .
To clearly distinguish partition cells from the cholinergic sympathetic and parasympathetic preganglionic neurons located in thoracic and sacral segments, respectively, we chose to analyze only the lumbar enlargement where partition cells do not intermingle with the preganglionic populations. In the intact spinal cord, 5-HT-positive axons directly appose partition cells (Fig. 5a) . We also found occasional 5-HT-labeled axons that coursed near the somata and large dendrites of partition cells in both media-and OEG-injected rats (Fig. 5b,c) . However, the density of appositions between 5-HT-positive fibers and partition cells was low (0.2 appositions/mm 3 ; Fig.  5d ) and did not differ between media-and OEG-injected rats (P ‫؍‬ 0.08).
Step training did not affect the number of 5-HT axons apposing the partition cells (P ‫؍‬ 0.27).
5-HT axons frequently appose sympathetic preganglionic neurons (SPNs) in adult spinal rats
In addition to CA neurons, distinct populations of cholinergic SPNs are found in the intermediolateral region of lamina VII in the lower thoracic segments. In the intact spinal cord, 5-HT-positive axons densely innervate these cholinergic SPNs ( Fig. 6a; Bacon et al., 1990) . Although 5-HT appositions along SPNs were less dense in the spinal cord of media-and OEG-injected rats than in intact rats, we observed frequent 5-HT appositions (8.1 appositions/mm 3 ; Fig. 6b,c) . 5-HTpositive axons often coursed within and apposed a cluster of SPN somata. Neither transplantation nor step training status affected the number of 5-HT appositions along these SPNs (media vs. OEG: P ‫؍‬ 0.38, trained vs. untrained: P ‫؍‬ 0.31). We detected a small number of 5-HT appositions to cholinergic parasympathetic preganglionic neurons in sacral segments (data not shown). 
DISCUSSION
CONCLUSIONS
The present results, in combination with those from Newton et al. (1986, 1988) , demonstrate that the presence of 5-HTpositive axons in the caudal stump of rats with a complete spinal cord transection is not a reliable indicator of raphespinal axon regeneration. Importantly, the residual 5-HT in the spinal cord after a complete spinal cord transection, whether from intrinsic or supraspinal sources, could contribute to the improvements detected in hindlimb stepping ability following OEG transplantation. The excitability of the intrinsic locomotor networks that reside in the lumbosacral spinal cord may be mediated by the direct excitation of SMNs by the serotonergic axons, or indirectly through the excitation of cholinergic or other interneurons that then terminate on SMNs. The regeneration and reorganization of other neurotransmitter systems within the caudal stump also could contribute to the functional recovery.
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